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INTRODUCTION 
Laser ultrasound offers many advanlages over conventional piezoelectric ultrasound 
including the potential for rapid wide-area scanning, non-conlacting (no couplant) 
generation and sensing, and large bandwidth [1,2]. Ultrasonic surface waves may be easily 
generated by a laser and can travel extended distances when the part is not immersed and 
loss to a surrounding water bath is eliminated. In addition, the geometric attenuation is 
significantly less as the sound energy spreads out in a circular annulus rather than in a 
spherical shell giving rise to an amplitude decay proportional to r·1f2. We have shown that 
synthetic focusing of laser ultrasound data [3] permits us to use this information to create 
images of near-surface defects outside the scan area. A single scan line can be used to 
image the complete surface of part with high speed, resolution, and sensitivity (Figure I). 
The benefits of focused ultrasonic imaging are better spatial localization of flaw 
signals and increased sensitivity to small defects. A physically focused transducer sums 
wavefronts arriving across the face of the piezoelectric material. A coherent sum is 
produced for signals arriving in phase from a localized region (the focus), and an incoherent 
sum is produced for all other signals. The physical focus can be realized either with a 
shaped lens with sound velocity different than the propagation medium or with a shaped 
transducer element. If the single physical transducer is replaced with multiple small 
elements, a generalized or synthetic transducer can be formed by creating arbitrary delays. 
The conventional synthetic aperture focusing technique (SAFT) experiment [3] typically 
Part Scan L.lne Recoostructed Image 
Figure 1. Rapid imaging of surface defects. A wide area image can be reconstructed from a 
limited scan area. 
Review of Progress in Quantitative Nondestructive Evaluation, Vol J 7 
Edited by D.O. Thompson and D.E. Chimenti, Plenwn Press, New York, 1998 603 
-- "" 
-'-'I) I 
, 
I 
(a) (b) 
Figure 2. Synthetic aperture imaging difficulties with Lamb waves. (a) dispersion produces 
incoherent summation of signals. (b) coherent image formed following compensation. 
involves a single transmitter with a diverging beam and a single receiver which are scanned 
to cover the desired aperture. In order to create a correctly focused image. it is necessary to 
know the transducer location accurately and the appropriate speed of sound. Surface wave 
focusing forms an image by summing the detected waveforms U(xj'Yj .t) along lines of 
either constant propagation delay or constant distance across the reception aperture as 
shown if Eq. 1 
where Mij' 'ij' V material are the round trip propagation delay. round trip distance, and 
velocity of the material. respectively. 
(1) 
A complication arises in thin plates where sound propagates as dispersive Lamb 
waves [4,5]. Although sensitive to interesting defects such as corrosion or cracking, their 
dispersive nature has made direct imaging challenging although approaches with limited 
resolution have been demonstrated [6]. In this paper we describe two approaches which 
compensate for dispersion to produce rapid. high resolution images (Figure 2). 
DISPERSION COMPENSATION USING BACK PROPAGATION 
Dispersion results in a waveform that evolves with time or distance from the source. 
This dispersion causes a spreading of the pulse energy and a resulting reduction in peak 
amplitude giving rise to an apparent attenuation dependence that goes as r -1 • The first 
dispersion compensation approach involves mathematically handling the frequency 
dependence on phase velocity to back propagate the observed waveform u(t) and its Fourier 
transform U( m) to obtain the distance varying amplitude function A(r ) : 
A(r) = J eiJ<(tn)rU(m)dm , 
The propagation wavevector is k(m) = k, + k j i.j = So. Av •... S • • A. and is chosen to 
include the desired modes for the incident and scattered wave. 
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Figure 3. Dispersion and dispersion compensation. (a) Two pulses located 10 and 20 
distance units from the receiver, (b) the same waveform following compensation. 
Figure 4. Experimental measurements of dispersion. Aluminum plate - (a) B-Scan for 
scanned source with fixed receiver showing dispersion, (b) dispersion as (0 vs k, Composite 
plate - (c) time slice displacement images for scanned source with fixed receiver, (d) 
dispersion as co vs k for two directions of propagation. 
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Figure 5. Experimental B-Scans for a 0.075 mm Al sheet from a ring source. (a) raw B-Scan 
with So and strongly dispersed Ao, (b) dispersion compensated B-Scan 
A model calculation for a dispersion relation approximating the low frequency limit 
of the lowest order antisymmetric mode Ao is shown in Figure 3. Figure 3(a) shows the 
waveform produced by two sources located at 10 and 20 units from the observation point. 
Figure 3(b) shows the results of the backpropagation dispersion compensation algorithm, 
which has separated the two points and eliminated the dispersion peak attenuation. The 
propagation wave vector may be derived either from theory or from empirical measurements 
as shown in Figure 4. A B-Scan (Figure 4a) obtained by scanning a thermoelastic ring 
source with a fixed receiver location may be processed to yield a dispersion ffi versus k plot 
(Figure 4b). We have applied the same technique to anisotropic composite materials to map 
dispersion as a function of direction (Figure 4c-d) for use in a modified imaging algorithm. 
Figure 5 shows raw and dispersion compensated results for experimental B-Scans 
acquired on a 0.075 mm thick AI foil in a strongly dispersive regime using a ring source 
[6,7]. The ring source produces two waves - the direct wave and a second due to the initial 
inward going component after passing through the center. In Figure 5(b) the dispersion 
compensation algorithm is focused on the Ao-Aomode pair and clearly shows the two 
waves. 
EMPIRICAL FILTERING 
An alternative approach to obtaining A(r ) is to measure the time-dependent sound 
wave surface displacement over a range of positions ro ,rl , ... , r,. use that to produce an 
empirical filter matched to the specific combination of modes produced by the source in 
that specific material. Matrix multiplication of a raw waveform by the matched filter 
produces a waveform vector with dispersion removed To image a surface, waveforms are 
acquired for a range of positions Yo' Yl ,. .. , y" ' corresponding to the scan positions shown in 
Figure 1. In this case, the resulting matrix of data U(Yi,l) , (a B-Scan) is multiplied by the 
filter: 
This process is illustrated in Figure 6 from an experiment using a thermoelastic ring 
source and a 0 .5 mm thick aluminum plate. The raw B-Scan shows both multiple modes 
and strong dispersion. Following the processing, the compensated B-Scan shows a single 
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Figure 6. Graphical depiction of empirical matched ftlter approach. Raw B-Scan and ftlter 
were acquired on a 0 .5 mm thick AI sample with a ring source in a regime above cutoff with 
multiple modes and dispersion. 
signal without dispersion suitable for computational focusing. With this approach, the 
image is tuned to a specific combination of modes present in the filter. 
IMAGING EXPERIMENTS 
The approaches described in the previous two sections have been successfully 
applied to experimental situations in severdl distinct Lamb wave regimes. In the low 
frequency limit on an isotropic free plate, only the fundamental symmetric So and 
antisymmetric Aomodes are supported. In a thin, 0.075 mm thick Al sheet, three 0.75 mm 
holes were formed. Waveform data was acquired along a single scan line 1.5 cm from the 
nearest defect. Figure 6 shows the reconstructed images of these defects for an effective 
(a) (b) (e) 
Figure 7. Reconstructed images of three 0.75 mm diameter holes on 0.075 mm thick AI sheet 
in strongly dispersive regime with a thermoelastic source. (a) focused raw data, (b) focused 
dispersion compensated data, (c ) focused empirically ftltered data . 
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Figure 8. Reconstruction image amplitude through center of flaw. (a) focused raw data, (b) 
focused dispersion compensated data, (c ) focused empirically ftltered data. 
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Figure 9. SAFT reconstructed images of a thermoelastic ring source in multi-modal regime on 
0.5 mm AI sheet (a) ideal image, (b) uncompensated data shows poor focusing due to 
dispersion, (c) empirically filtered data shows dramatic improvement in resolution and 
sensitivity. 
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Figure I O. Reconstruction image amplitude through center of target for 0.5 mm Al sheet. 
area scan rate of 10 cm2 sec-I. Focusing of the raw data provides only a marginal 
improvement over the raw B-Scan. The two compensation schemes both provide significant 
gains in SNR and resolution. Figure 8 shows the reconstruction image amplitudes through 
the centers of the defects showing an SNR of approximately 10: I for both compensated 
approaches versus the SNR of 2: I for focused raw data. Range lobe information, not 
reproduced here but visible in Figure 7, shows a strong advantage for the compensation 
approaches. The back propagation dispersion compensation algorithm is focused on the 
strongly dispersive Ao Ao mode pair using an empirically derived dispersion relation. 
Above certain critical frequencies, additional modes with unique dispersion curves 
appear. These modes generally overlap and interfere, giving rise to confusing signals. The 
strength of the matched filter technique is that it is not necessary to understand the modal 
properties in depth - the measured filter provides a match for the modal distribution for the 
given source in the given material. As a preliminary validation we have imaged a ring laser 
source by scanning a receiver along a line remote from the source on a 0.5 mm thick AI 
sheet. The results of this approach are shown in Figure 9 where the improvements in 
resolution and contrast are dramatic. Figure 10 shows reconstruction image amplitudes 
through the target center for the raw data, focused raw data, and empirically filtered 
compensated data. The matched filter becomes less effective when mode conversion occurs 
during scattering as the interfering waves decrease the correlation of the filter to the 
observed waveform, however refinements to the technique have been demonstrated. 
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SUMMARY 
Imaging of thin or layered parts with ultrasonics is complicated by dispersive sound 
propagation. In this work, we have shown that high resolution images can be made over 
wide areas using laser ultrasonic techniques and computational focusing following 
dispersion compensation. Two distinct approaches for dispersion compensation have been 
demonstrated in both the highly dispersive regime below cutoff and in the high frequency 
regime where multiple modes exist. Dispersion compensation through back propagation 
provides an ability to image specific mode pairs for the incident and scattered sound. In the 
same way that flaws may exhibit different reflectivities to shear and longitudinal volumetric 
waves, flaws in thin or layered structures will have differing mode pair reflectivities. An 
empirical filtering approach has also been demonstrated which handles multiple modes 
simultaneously. The disadvantage of empirical filtering is that mode conversion and 
reflectivity variations can create artifacts. The filter approach works best when a reference 
defect can be characterized. Because of this limitation, the author believes that dispersion 
compensation through back propagation will prove the more powerful technique. 
Although applied here to laser ultrasonic imaging at high frequencies, the technique 
of dispersion compensation can be applied to a host of problems including defect 
localization and characterization in pipes, rails, or plates and others beyond the field of 
ultrasonics. The consistent imaging approach is to (1) know or control what is generated, 
(2) measure or model how the sound wave propagates in the material, and (3) use this 
information to isolate the flaw response. The specific means of isolating the flaw response 
in this work was synthetic aperture focusing to isolate modal flaw reflectivities. 
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